Microsatellites are a tract of repetitive, short DNA motifs (usually 1 to 6 bp) abundant in eukaryotic genomes. they are robust molecular markers in many areas of studies. Development of microsatellite markers usually involves three steps: (1) obtaining microsatellite-containing sequences, (2) primer design, and (3) screening microsatellite loci for polymorphism. The first and third steps require considerable resources. Next generation sequencing technologies have greatly alleviated the constraint of the first step. In this study, we leveraged the availability of genome assemblies of multiple individuals in many species and designed a comparative genomics approach to bioinformatically identify polymorphic loci. our approach can eliminate or greatly reduce the need of experimental screening for polymorphism and ensure that the flanking regions do not have length difference that would confound interpretation of genotyping results using microsatellite markers. We applied this approach on Phytophthora sojae, a soybean pathogen, and identified 157 high-quality, informative microsatellite markers in this oomycete. Experimental validation of 20 loci supported bioinformatics predictions. Our approach can be readily applied to other organisms of which the genomes of multiple individuals have been sequenced.
Traditionally, the development of microsatellite markers follows these steps: (1) genomic DNA is fragmented, microsatellite-containing fragments can be enriched (usually through affinity capture), and the enriched microsatellite-containing DNA fragments are cloned and sequenced; (2) primer pairs are designed from the flanking regions; and (3) the primer pairs are screened using a small subset of individuals to identify polymorphic microsatellite loci -those having multiple alleles in the tested individuals. Steps 1 and 3 above require considerable time and resources. The advent of next-generation sequencing and its low cost revolutionized the process. Abundant genome and transcriptome sequences are now available for many species, or can be easily obtained with low cost from yet-to-be sequenced species. Microsatellite loci can be routinely identified from raw sequence reads or assembled genomes obtained through next-generation sequencing [8] [9] [10] [11] , thus alleviating the constraint of step 1. However, the identified microsatellite loci still need to be screened through PCR to determine which ones are polymorphic. Usually, a large number of loci need to be screened to obtain sufficient number of polymorphic loci. For example, in Anisogramma anomala, a fungal pathogen of hazelnut, 23 loci were found to be polymorphic among 236 loci screened 9 ; in Fusarium virguliforme, a fungal pathogen on soybean, 12 polymorphic loci were identified in a screening of 92 microsatellite loci with very high repeat numbers 8 ; and in Phytophthora sojae, an oomycete pathogen on soybean, 21 out of 158 microsatellite loci with extremely high repeat numbers (minimal 15 repeats) were found to be polymorphic among 33 isolates 12 . Additionally, it is usually assumed that the flanking regions of microsatellite loci are conserved and the length difference in PCR amplicons is due to varying repeat numbers of the microsatellite motifs. This assumption may not always be true 9 and can confound downstream analysis and lead to inaccurate conclusions.
With the advance of genomics, multiple individuals of representative genetic background have been sequenced in many species. This allows identification of polymorphic microsatellite loci directly from these genome assemblies, alleviating the constraint of step 3 mentioned above. It also allows us to ensure that the selected loci have conserved flanking regions so that the length difference in PCR amplicons indeed reflects varying repeat numbers of the microsatellite motif. In this study, we define a microsatellite locus as high-quality and informative if it has multiple alleles in a species, and its flanking regions are conserved and will not interfere with deducing repeat numbers of the target microsatellite motif from the length of PCR amplicons. We combined the power of a microsatellite motif identification software program, an in vitro PCR software program and our own post-processing pipeline to identify genome-wide, high quality, informative microsatellite loci by mining multiple genomes within a species, and we applied this approach on Phytophthora sojae.
Phytophthora sojae is an oomycete that causes root and stem rot in soybean, one of the most destructive soybean diseases in North America 13 . This species has a diploid genome, except during the brief gamete phase. It is homothallic (i.e., self-mating), though occasional outcrossing was evidenced [14] [15] [16] . Thus, limited difference between the two copies of genomic DNA is expected.
Results and Discussion
Bioinformatics pipeline. Our approach is illustrated in the flowchart in Fig. 1 . Starting with one genome assembly, usually the one that is most complete and of best quality, microsatellite loci with mono-to hexa-nucleotide motifs are identified using the MISA program 17 . Primer3 program 18 is then used to design primer pairs for di-to hexa-nucleotide motifs. Loci with mono-nucleotide motifs are excluded because of the difficulty in accurately differentiating alleles with 1 bp length difference. Microsatellite loci with compound motifs (two motifs immediately next to each other) are also excluded because, when these loci are used in genotyping and without sequencing the amplicons, it would be difficult or impossible to determine which motif causes length difference between alleles, and two alleles could have identical length but different sequences (e.g., allele a has two more repeats of a bi-nucleotide motif while allele b has one more repeat of the adjacent tetra-nucleotide motif).
Primer pairs are designed in the 200 bp flanking regions on both sides of each target locus. However, when there is another microsatellite locus nearby (including those with mono-nucleotide motifs and compound loci), primers are required to locate in-between the loci so that PCR amplicon will not include more than one microsatellite locus (Fig. 2) .
In Silico PCR is performed using the isPcr program (Jim Kent, University of California, Santa Cruz) to simulate PCR reactions in all individuals in this species whose genomes have been sequenced and publicly available. The results are then processed using custom Perl scripts to identify high-quality, informative loci and their associated primer pairs based on the following requirements: (1) the primer pair only produces a single amplicon in each individual; (2) the termini of the amplicon match the primer sequences perfectly; (3) there are different number of repeats of the microsatellite motif among the individuals; and (4) for loci with di-or tri-nucleotide motifs, there is no length difference of the flanking sequences, and for loci with tetra-to hexa-nucleotide motifs, there is at most 1 bp length difference in the flanking regions.
www.nature.com/scientificreports www.nature.com/scientificreports/ 2.0%, 0.5% and 0.5%, respectively). Other than mono-nucleotide motifs, AGC/CTG motif (and all its iterations) was most frequent (780 loci), followed by AG/CT (503 loci) and AC/GT (496 loci).
Primers were designed for the 3,473 loci with di-to hexa-nucleotide motifs that were not in compound formation and there were enough flanking sequences (minimal 21 bp) on both sides to allow primer design. With our criteria, at least one primer pair was found for 3,447 loci, while five primer pairs were picked for 3,445 loci. In total, 17,233 primer pairs were picked for downstream analysis. After in silico PCR using genome assemblies of all four strains as templates, the results were processed to identify high-quality, informative microsatellite loci according to the criteria we described above. In total, we identified 678 primer pairs for 157 loci (PsSSR1-PsSSR157) in which there were various number of repeats and flanking regions that met our requirements (Supplementary Table S1 ). We also identified 176 polymorphic loci whose flanking regions had length difference exceeding our selection limit.
Of the 157 loci that met our requirements, 52 loci had primer pairs that were predicted to amplify from all four strains, while the other 105 only had primer pairs that would amplify from two or three strains (Supplementary Table S1 ). P. sojae has an estimated 1n genome size of 95 Mb while the assemblies range from 50.1 to 82.6 Mb. Large portions of the genome are missing in these assemblies and three of the four assemblies are highly fragmented. Therefore, many of the 105 loci likely exist in all four strains, but the expected amplicons are either missing in one or more genome assemblies, or not assembled into the same contig.
Experimental verification. Twenty loci of the 157 loci identified above were experimentally validated through PCR. Thirteen of these 20 loci had predicted amplicons from all four strains based on in silico PCR, while the other seven loci only had predicted amplicons from two or three strains (Table 1) . DNA fragments of expected sizes were successfully amplified from all four strains for the 20 loci (Table 1) . For those with expected amplicons by in silico PCR, experimental validation perfectly matched the predictions. For those without expected amplicons, experimental PCR produced products with sizes that allowed unambiguous deduction of the number of repeats. This confirmed that the failure of in silico PCR in those cases was due to incompleteness and/or fragmentation of the genome assemblies.
Comparing with a previous study. In a previous study, Dorrance and Grunwald screened 158 microsatellite loci in P. sojae with at least 15 repeats 12 . These loci were identified by screening cDNA sequences of P. sojae 20 . www.nature.com/scientificreports www.nature.com/scientificreports/ They found 21 loci to be polymorphic. We looked for those loci in our database. Excluding the three compound loci (PS20, PS24 and PS25) that were not analyzed in our study, only three of the remaining 18 loci were included in our database (PS16 = PsSSR65, PS29 = PsSSR35 and PS38 = PsSSR115 in Supplementary Table S1 ). To address the discrepancy, we performed in silico PCR using their primers 12 . Eleven loci (PS01, PS05, PS06, PS10, PS12, PS17, PS18, PS19, PS27, PS33, and PS36) had predicted PCR product only from one strain, P6497; and one locus (PS04) did not have predicted PCR product in any strain. BLASTN searches of the P. sojae genome assemblies using their reported amplicon sequences as query showed that these sequences either were missing from these genome assemblies, or broken, usually at or near the microsatellite sequences.
For the remaining three loci, PS07 was eliminated in our analysis because it had two predicted amplicons in strain P6497. These two amplicons were located on the same contig (NW_009258117.1), indicating that the two amplicons were paralogs, not homologs -alleles of the same locus in a diploid genome. PS30 had predicted amplicons from two strains, P6497 and P7076. It had 18 repeats of the motif (AGTC) in P6497, but a point mutation at the third repeat turned it into an imperfect microsatellite locus and led it to be erroneously characterized as 15 repeats in the previous study 12 . PS37 had predicted products from strains P6497 and P7076, and they both had 16 repeats of the motif (GAG). However, in strain P7076, there was an 1 bp insertion after repeat 6 and could lead to incorrect binning in downstream analysis. Use of these loci could potentially lead to incorrect conclusion.
Considerations of comparative genomics approach.
Here we describe a comparative genomic approach to identify high-quality, informative microsatellite loci genome-wide. Two benefits of our approach are apparent: (1) It alleviates the burden of step 3 in microsatellite marker development: screening loci for polymorphism. Instead of screening a large number of loci to obtain a sufficient number of polymorphic loci 8,9,12 , our approach requires no or minimal experimental screening. (2) It is often assumed that microsatellite loci have conserved flanking regions, and that length difference in PCR amplicons is due to varying repeat numbers of the target loci. However, our analysis showed that this assumption is not necessarily valid -176 out of 333 polymorphic loci did not meet our requirement due to length difference of their flanking regions. Our approach ensures that only loci with flanking regions conserved in length are selected. The accuracy of this approach depends on the accuracy of genome assembly.
The key requirement of our approach, of course, is the availability of genome assemblies from multiple individuals in a species. This requirement is being met by more and more species, and it is not difficult or resource-consuming to obtain genome sequences from multiple individuals for the organisms for which no or only one genome assembly is available.
Another consideration is the genetic background of these individuals whose genomes have been sequenced. If these individuals are of similar genetic background while the whole species has much larger genetic diversity, many loci that are identical in the sequenced individuals may in fact be polymorphic in the species. On the other hand, if the sequenced individuals cover much of species diversity, when you use the identified loci to study a population with narrow genetic background, many identified polymorphic loci may be identical in that particular population. www.nature.com/scientificreports www.nature.com/scientificreports/ Completeness and continuity of the genome assemblies have a large impact on our approach. Missing sequences and/or broken assemblies will lead to polymorphic loci not being identified. This was the reason that 12 out of 18 loci in a previous study 12 were not included in our database. Moreover, of the 3,447 loci we analyzed, many loci had predicted amplicons in one to three strains and they were not found to be polymorphic. It's reasonable to expect some of those loci may be polymorphic, but are not identified due to incompleteness and/or fragmentation of the genome assemblies. Missing regions in genome assemblies tend to be enriched in repetitive sequences. Polymorphic microsatellite loci in repetitive regions will be challenging when used in genotyping, due to difficulty in designing primers that will specifically amplify the target loci.
Accuracy of genome assemblies can also affect our analysis. Incorrect assemblies can mislead every step in the analysis, from microsatellite loci identification, primer design, to in silico PCR. In this study, we paid particular emphasis on mono-polymers (microsatellite loci with mono-nucleotide motifs). Mono-polymer region is prone to mis-assembly (e.g., those based on 454 sequencing technology). We set a low threshold for identifying mono-nucleotide motifs and ensured that the PCR amplicons would not contain such sequences. The good agreement between experimental validation and bioinformatics analysis in our study showed that this is not a big concern for P. sojae (Table 1) .
With more and more individuals being sequenced in many species, and the genome assemblies becoming more complete, more continuous and more accurate, our approach can be applied in many more organisms and significantly simplify the process of microsatellite marker development. Our approach assumes haploid genomes, or diploid and polyploid genomes assembled in haploid form. This is the current status for most organisms. Polymorphisms within an individual are lost in these genome assemblies. However, our approach can be readily applied if each ploidy of a diploid or polyploid genome is separately assembled. For example, if the diploid P. sojae genome is teased apart into two haploid assemblies, each ploidy can be treated as a separate assembly in our analysis.
Materials and Methods
Data sources. The genome assembly of strain P6497 was downloaded from GenBank (RefSeq assembly accession no.: GCF_000149755.1) with an assembly size of 82.6 Mb. The assemblies of strains P7064, P7074 and P7076 were downloaded from eumicrobedb.org with assembly sizes ranged from 50.1 to 51.8 Mb. In addition to being more complete, the genome assembly of P6497 is also more continuous: it has contig N50 of 386 kb, while the other assemblies have contig N50 of 3 kb or less.
Data analysis. Microsatellite loci were identified using software package MISA 17 with the following parameters: for mononucleotide motifs, minimal 8 repeats; dinucleotide motifs, minimal 6 repeats; tri-to hexa-nucleotide motifs, minimal 5 repeats; and minimal distance between neighboring loci for identification of compound loci, 0 bp. Up to five primer pairs were designed for all loci with di-to hexa-nucleotide motifs using Primer3 18 with the following requirements: product size 100-250 bp, primer length 18-25 bp (optimal 20 bp), primer melting temperature 57-63 °C (optimal 60 °C), primer GC ratio 30-70% (optimal 50%). All primers were required to be located within 200 bp flanking regions on each side of but with a minimal 3 bp away from the target loci. If there was another microsatellite locus (including those with mono-nucleotide motifs) within the 200 bp flanking regions of a target locus, the amplicon was required not to overlap the neighboring locus. In silico PCR was conducted using the software package isPcr version 3.3 (http://genome-test.cse.ucsc.edu/∼kent/) with default parameters. Custom Perl scripts were used for text processing. experimental validation. Phytophthora sojae strains P6497, P7064, P7074 and P7076 were obtained from the World Phytophthora Genetic Resource Collection (https://chassintranet.ucr.edu/phyto) and maintained on half-strength lima bean agar. For DNA extraction, the strains were grown in half-strength lima bean broth at room temperature for 7 days. DNA was extracted from harvested mycelium using the Plant DNeasy Mini kit (Qiagen).
Nested PCR reactions were performed with three primers: forward primer with a M13 sequence (TGTAAAACGACGGCCAGT) appended to its 5′ end, reverse primer (Table 1) , and M13 primer labeled with 5′-FAM. PCR reactions were performed in duplicates in 15 μl containing 1x Amplitaq Gold Buffer (Applied Biosystems), 2 mM MgCl 2 , 0.2 mM mixed dNTPs, 0.6 U Amplitaq Gold DNA Polymerase (Applied Biosystems), 40 nM forward primer, 160 nM reverse primer, 160 nM 5′FAM-labeled M13 primer, and 10 ng template DNA. An initial denaturing cycle at 95 °C for 5 min was followed by 38 cycles of denaturing at 95 °C for 30 s, annealing for 45 s at 58 °C for the first 25 cycles and 54 °C for the remaining 13 cycles, and extension at 72 °C for 45 s, and a final extension cycle at 72 °C for 15 min. The sizes of PCR amplicons were resolved by capillary electrophoresis on an ABI 3730XL Genetic Analyzer together with GeneScan ™ 600 LIZ ™ dye Size Standard v2.0 (Applied Biosystems).
Allele sizes were determined with the aid of software Peak Scanner version 2.0 (Applied Biosystems). Raw genotyping data is provided in Supplementary Table S2 .
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